Abstract Agricultural management can affect soil organic matter chemistry and microbial community structure, but the relationship between the two is not well understood. We investigated the effect of crop rotation, tillage and stubble management on forms of soil phosphorus (P) as determined by solution 31 P nuclear magnetic resonance spectroscopy and microbial community composition using fatty acid methyl ester analysis in a long-term field experiment (26 years) on a Chromic Luvisol in New South Wales, Australia. An increase in soil organic carbon, nitrogen and phosphorus compared to the beginning of the experiment was found in a rotation of wheat and subterranean clover with direct drill and mulching, while stubble burning in wheat-lupin and wheat-wheat rotations led to soil organic matter losses. Microbial biomass was highest in the treatment with maximum organic matter contents. The same soil P forms were detected in all samples, but in different amounts. Changes in organic P occurred mainly in the monoester region, with an increase or decrease in peaks that were present also in the sample taken before the beginning of the experiment in 1979. The microbial community composition differed between the five treatments and was affected primarily by crop rotations and to a lesser degree by tillage. A linkage between soil P forms and signature fatty acids was tentatively established, but needs to be verified in further studies.
Introduction
Soil organic matter influences soil physical, chemical and biological properties and the amount of soil organic matter is affected by agricultural management strategies such as crop rotation, tillage and stubble management. In a Luvisol in Australia, cereal-legume rotations in combination with stubble retention and direct drilling maintained or even increased soil organic carbon (C) over a period of 21 years, while tillage and stubble burning led to losses of soil organic matter, particularly under continuous cereal cropping (Heenan et al. 2004) . The grain yield of wheat was significantly lower in continuous wheat cropping than in rotations of wheat with lupin or subterranean clover (Bünemann et al. 2006; Heenan et al. 1994) .
Soil organic C is the main source of energy for soil microorganisms and consequently has a major influence on the amount of microbial biomass in soil (Wardle 1992) .
have also been linked to the quantity of soil organic matter. For example, the relative abundances of fungi and Gramnegative bacteria increased together with soil organic matter content as a result of introducing a legume-fallow phase into a maize cropping system which led to incorporation of considerable amounts of plant residues into the soil (Bünemann et al. 2004) .
Soil microorganisms act as both a source and a sink of plant nutrients such as nitrogen (N) and phosphorus (P). Most of the identifiable organic N compounds in soil seem to be of microbial origin (Kögel-Knabner 2006) . At the same time, the mineralisation of N is driven by microbial activity. The origin and mineralisation processes of soil organic P are less well understood. Organic P compounds in soil extracts are usually dominated by monoester P compounds, whereas diester P compounds are more abundant in plant material and bacterial cells (Makarov et al. 2005) . Fungi tend to contain a significant proportion of their total P content in inorganic forms, i.e. as orthophosphate or as polyphosphates, and their organic P is dominated by monoester P. The different composition of organic P in soil compared to that in plants and microorganisms has been explained by differential stabilisation of organic P compounds in soil (Magid et al. 1996) . However, based on the results by Makarov et al. (2005) , differences in the microbial community composition may also influence the chemical composition of organic P in soil.
The objective of this study was to investigate the effect of long-term management strategies with respect to crop rotation, tillage and stubble management on forms of soil P as detected by solution 31 P nuclear magnetic resonance (NMR) spectroscopy and on the microbial community composition assessed by fatty acid methyl ester (FAME) analysis.
Methods

Field experiment
The field experiment is located at the Agricultural Research Institute in Wagga Wagga, New South Wales, Australia. It was started in 1979 on a site that had been under pasture for most of the previous 19 years. Findings from the trial have been published in a number of publications addressing wheat and lupin yields (Heenan et al. 1994 (Heenan et al. , 2000 and various soil properties (Chan and Heenan 1993; Chan et al. 2002; Heenan and Chan 1992; Heenan et al. 2004; Heenan and Taylor 1995) . Soil P dynamics during the first 24 years of the trial have been described by Bünemann et al. (2006) .
The soil has been classified as a red earth (Northcote 1979) or a Chromic Luvisol (FAO/ISRIC/ISSS 1998), with 29% clay, 15% silt and a pH of 4.93 (1:5, 0.01 M CaCl 2 ) in 1979 in the top 10 cm. The experiment consisted of six blocks with 16 plots each. Each phase of each rotation was represented each year, with blocks 1, 3 and 5 sown to wheat in 1979 and blocks 2, 4 and 6 in 1980. All data presented in this paper are from blocks 1, 3 and 5. Thus, there were three field replicates for each treatment. Plot size for the treatments studied here was 4.3×50 m.
The five treatments chosen for this study (Table 1) cover the entire range of soil organic C levels after 26 years of different rotation, stubble management and tillage systems (Heenan et al. 2004 ). All crops including subclover received 20 kg P ha −1 as single superphosphate with the seed at sowing. The subclover was mown once or twice in spring or early summer, depending on seasonal rainfall and left on the plots as mulch. In the treatments with stubble retention, stubble was slashed between late December (summer) and early March (autumn). Burning of stubble occurred in autumn. The soil was cultivated in autumn after the soil had been wetted to 10 cm, using offset disc harrows to 10 cm in the mulched wheat-lupin rotation and a scarifier to 10 cm in treatments with stubble burning and in the cultivated wheat-subclover rotation.
Soil sampling and analyses
Soil samples were collected in winter (July 2005, i.e. 26 years after the beginning of the trial) from 0-to 5-cm depth, with five randomly located soil cores per plot combined into one composite sample and sieved at 4 mm to remove coarse plant debris. The gravimetric water content after sieving ranged from 16 to 23%. Samples were stored at 4°C for a few days until extraction for the determination of microbial biomass. A subsample was ) was measured in a 1:5 soil/solution ratio. Total C and N were determined by combustion (LECO CN2000), while total P was determined by digestion with perchloric and nitric acid in a 1:6 ratio (Kuo 1996) . Phosphorus extracted with 0.5 M H 2 SO 4 from non-ignited soils was considered to be inorganic P, while the increase in H 2 SO 4 -extractable P after ignition (500°C, 1 h) was assumed to originate from organic P (Saunders and Williams 1955) . The concentration of P i in all extracts was determined colorimetrically (Murphy and Riley 1962) .
Microbial C (C mic ) and N (N mic ) were determined by 24-h chloroform fumigation followed by extraction with 0.5 M K 2 SO 4 (Vance et al. 1987) , with measurement of total organic C and total N in the extracts using a Formacs Series Combustion TOC/TN Analyser (Skalar, The Netherlands). Microbial P (P mic ) was determined by simultaneous liquid fumigation and extraction with anion-exchange resin membranes (BDH #55164) in bicarbonate form for 16 h as described by Kouno et al. (1995) , but using hexanol as the fumigant instead of chloroform and eluting the resins with 0.1 M NaCl/HCl. Microbial C, N and P are reported as the difference between fumigated and non-fumigated subsamples. No correction for P sorption was applied, as the presence of the resin as a strong sink resulted in complete recovery of an inorganic P spike. Measurements of C, N and P in non-fumigated subsamples are reported as dissolved organic C (DOC), dissolved N (DN) and resin-extractable P (P resin ), respectively. Soil P forms were determined by solution 31 P-NMR analysis of NaOH-ethylenediaminetetraacetic acid (EDTA) extracts, a method that was first used by Cade-Menun and Preston (1996) and which has been further refined since (e.g. Turner et al. 2003b ). Subsamples of dry and ground soil (2.5 g) were extracted with 50 ml of a 0.25 M NaOH-0.05 M EDTA solution by shaking end-over-end for 16 h followed by centrifugation for 10 min at 1,300×g and filtration of the supernatant under suction through Whatman 41. An aliquot (40 ml) was immediately frozen at −80°C and freeze-dried subsequently. The remainder of the extract was used for colorimetric determination of inorganic P with malachite green (Ohno and Zibilske 1991) after 20-fold dilution of the extract and for determination of total P by inductively coupled plasma-optical emission spectroscopy (ICP-OES; Spectroflame Modula, Spectro Analytical Instruments, Kleve, Germany) using 1,200-W power and a torch height of 8 mm with a V groove nebuliser and cyclonic spray chamber. Organic P in the extracts was calculated as the difference between total and inorganic P. The concentrations of Al, Ca, Fe and Mn in the NaOH-EDTA extracts were determined by ICP as well. For each plot, the extraction and determination by colorimetry and ICP was performed in duplicate. The freeze-dried extracts of selected samples (the composite sample from 1979 and one sample per treatment from block 5) were redissolved in 5 ml H 2 O, and 3.5 ml was transferred into a 10-mm NMR tube with addition of 0.3 ml D 2 O. Solution 31 P NMR spectra were acquired at 24°C on a Varian INOVA400 NMR spectrometer at a 31 P frequency of 161.9 MHz. Recovery delays for the whole soil extracts were in the range of 10-19 s and were set to at least five times the T 1 value of the orthophosphate resonance determined in preliminary inversion-recovery experiments. Previous experience has indicated that the T 1 value for orthophosphate is generally greater than those of organic P resonances (unpublished results). We used a 90°pulse of 80 μs, an acquisition time of 1.0 s and broadband 1 H decoupling. Between 2,800 and 17,000 scans were accumulated. Chemical shifts were referenced to external 85% H 3 PO 4 . The spectra presented have a line broadening of 2 Hz.
FAMEs were extracted in duplicate from each sample following the protocol by Pankhurst et al. (2001) . The FAMEs were separated by capillary GC (HP 5890, Hewlett Packard) with a flame ionisation detector (MIDI; Microbial ID, Newark, DE, USA). The GC was equipped with a HP 25×0.2 mm fused silica capillary column and hydrogen was used as the carrier gas. The temperature program was ramped from 170 to 250°C at 5°C min −1 . The FAME peaks were identified by the MIDI program based on their chain length. The peak areas were normalised against two internal standards, correcting for the efficiency of the methylation reaction, extraction efficiency and recovery in GC analysis. Fatty acid nomenclature was used as described by Frostegård et al. (1993) . As FAMEs can be of microbial as well as plant origin (Drenovsky et al. 2004) , only fatty acids that have been clearly related to soil microorganisms were entered into the statistical analysis using the selection of Zak et al. (2000) . Fungi were represented by the fatty acid 18:2ω6,9c, Gram-positive bacteria by 16:0, i15:0, a15:0, i16:0 and i17:0, Gram-negative bacteria by 16:1ω7c, 16:1ω5c, cy17:0 and cy19:0 and total bacteria by the sum of the two previous groups of fatty acids plus 14:0, 15:0, 17:0, a17:0, 17:1ω8c and 18:1ω11c. The relative abundances of individual FAMEs were calculated as weight percentages (wt%) of the total weight (μg g −1 soil) of these selected FAMEs.
Statistical analysis
Statistical analyses were performed with GenStat (Version 6.1, 2002). Soil characteristics were subjected to a one-way analysis of variance in a randomised block design with treatments as main factor, followed by a Tukey test when significant differences (P≤0.05) were indicated. Log-transformed relative abundances of the selected FAMEs were analysed with principal component analysis (PCA) and redundancy analysis (RDA) with Monte Carlo permutation tests (CANOCO 4.0, Microcomputer Power, Ithaca, USA). The position in the field (block) and 17 soil characteristics were used as environmental variables in RDA. Community similarities were graphed in ordination plots with scaling focused on inter-sample differences (Jongman et al. 1987) .
Results
Soil pH, total, microbial and extractable C, N and P
The different management strategies resulted in changes in soil pH of up to 0.5 units (Table 2) . Acidification compared to initial soil pH values was observed in all rotations that included a legume (lupin or subclover), while the pH was unchanged after 26 years of continuous wheat cropping (WW-B-C). Total, microbial and extractable C, N and P were all highest in the wheat-subclover rotation with direct drill and mulching (WS-M-D). Lowest values of total, microbial and extractable C and N were observed in wheatlupin and wheat-wheat rotations. Compared to concentrations in 1979, total P had increased in all treatments by Soil P pools by wet chemistry and 31 P NMR spectroscopy Similar treatment effects on extractable inorganic, organic and total P were found by the ignition method and NaOH-EDTA extraction (Table 3) . Inorganic P was higher in treatments WS-M-D and WW-B-C than in the other three treatments, while organic P was highest in WS-M-D and lowest in the two treatments with stubble burning. Similar amounts of inorganic P were extracted with both methods (NaOH-EDTA Pi=0.92×H 2 SO 4 -extractable Pi+7.88, r 2 = 0.98, p<0.001). However, NaOH-EDTA extracted significantly less organic P than the ignition method (NaOH-EDTA Po=0.62×H 2 SO 4 -extractable Po−8.58, r 2 =0.91, p< 0.001). The proportion of total soil P extracted with NaOH-EDTA ranged from 61 to 67% for samples taken in 2005, while it was lower (54%) in 1979 before the onset of P fertilisation. As much as 46% of total P, therefore, remained uncharacterised by NaOH-EDTA extraction. Fig. 1 31 P NMR spectra of NaOH-EDTA extracts of topsoil (0-5 cm). The vertical scale has been increased by a factor of 12 in the inset spectra The 31 P-NMR spectra obtained on the initial sample from 1979 and one sample from each treatment after 26 years of differential management are shown in Fig. 1 . Based on a previous study of peak assignment (Turner et al. 2003b) , the four main regions were assigned to orthophosphate (7 to 5.7 ppm), monoesters (5.7 to 3.4 ppm), diesters (0.2 to −1.0 ppm) and pyrophosphate (−4 to −4.6 ppm). No peaks were detected in the regions assigned to polyphosphate (−20 ppm) or phosphonates (20 to 23 ppm).
Integration of the peak area in the four main regions (Table 4) showed that the proportion of orthophosphate in the extract increased from 59% in 1979 to between 69 and 79% after 26 years of annual P fertilisation. The amount of inorganic P in the NaOH-EDTA extracts as determined by colorimetry was closely related to the amount of orthophosphate as determined by NMR spectroscopy, but was slightly lower [Pi by colorimetry (in mg P kg −1 )=1.04×orthophos-phate by NMR (in mg P kg −1 )−13.33, r 2 =1.00, p<0.001]. The majority of organic P was in the monoester region (19-39% of extracted P). The diester and pyrophosphate regions each contained only up to 2% of extracted P. Thus, the greatest treatment effects on organic and condensed forms of P were seen in the monoester region, both in relative proportions and absolute amounts of P in the extracts.
Whereas colorimetry only provides information about total amounts of inorganic and organic P, NMR spectroscopy can detect changes in P forms. In the present study, the same resonances were found in all samples. The treatment in which organic P had accumulated (WS-M-D) showed an increase in the height of all peaks compared to the sample collected in 1979. Similarly, the loss of organic P in treatments WL-B-C and WW-B-C was reflected in a decrease in the height of peaks in the monoester and diester region. As quantitative rather than qualitative changes were seen and due to the high cost of NMR analyses and limited running time of the machine, samples from the other two field reps were not analysed by NMR.
Among the cations extracted with NaOH-EDTA, the Al concentration was similar for all treatments, while concentrations of Ca, Fe and Mn were highest in treatment WS-M-D and generally lowest in wheat-lupin and wheat-wheat rotations (data not shown). Microbial community composition Treatment effects on the total amount and relative abundances of selected signature FAMEs are shown in Table 5 . The sum of all extracted signature fatty acids was highest in treatment WS-M-D and lowest in the two treatments with stubble burning. Relative abundances of fungi, bacteria and Gram-positive bacteria were similar in all treatments, while the relative abundance of Gram-negative bacteria was highest in WW-B-C and lowest in the two wheat-lupin rotations. The ratio of fungal to bacterial FAMEs was similar in all treatments, ranging from 0.09 to 0.14. PCA of the relative abundances of the 16 signature fatty acids separated the five treatments primarily according to crop rotation, with the first and second axis explaining 50.2 and 24.6% of the total variation (data not shown). Ordination plots of PCA and RDA showed a similar pattern, with a higher percentage of total variation explained by the first two axes in RDA (Fig. 2a) . Microbial communities were similar in the two wheat-lupin rotations with either mulching or burning of stubble, while those in the two wheat-subclover rotations with direct drill or conventional cultivation differed from each other. The microbial community in the wheat-wheat rotation was different from those in the other four treatments.
Compared to the other treatments, treatment WW-B-C was characterised by a greater abundance of 16:1ω5c and lower abundances of 18:2ω6,9c, cy17:0 and 14:0 (Fig. 2b) . The separation of WS-M-D and WS-M-C was related to abundances of a range of fatty acids, e.g. greater abundances of i15:0, 16:1ω7c and 17:1ω8c in WS-M-D and greater abundances of 18:1ω11c and other fatty acids in WS-M-C. The microbial community composition was significantly correlated to all environmental variables except resinextractable P, NaOH-EDTA-extractable Al and the position in the field (Fig. 2c) . The separation of the microbial community composition in WW-B-C from the other treatments was related mainly to high pH and high NaOH-EDTA-extractable inorganic P. The microbial communities in wheat-lupin and wheat-subclover rotations were separated from each other through their differences in environmental variables such as microbial C, N and P, NaOH-EDTA-extractable organic P, and total C, N and P.
Discussion
Soil pH and C, N and P pools Changes in soil pH were in agreement with an earlier study in the same experiment that had found a decrease in soil pH in all treatments during the first 8 years, followed by an increase in pH in WW-B-C only (Heenan and Taylor 1995) . The acidifying effect of legumes has been described before (Slattery et al. 1998 ).
Microbial C, N and P as well as extractable C and N were all highest in treatment WS-M-D, which also had the 2 Ordination plots of the microbial community composition in the five treatments generated by redundancy analysis using logtransformed relative abundances of 16 signature fatty acids and 18 environmental variables, showing a treatments (mean of three replicates, bidirectional standard deviation and % of variation explained by each axis shown), b signature fatty acids and c environmental variables that were significantly correlated to the microbial community composition by FAME analysis as generated by Monte Carlo permutation test. In b and c, the direction and length of arrows indicates the correlation with the community composition of the treatments as shown in a highest amounts of total C, N and P, and were thus closely related to total C (r≥0.73, p<0.001). Amounts of microbial C and N were within the range typical for arable soils (Dalal 1998) , while amounts of microbial P were in the lower range of values published for cropped soils (Oberson and Joner 2005) . Concentrations of resin-extractable P were high and not yield-limiting for annual crops (Cantarella et al. 1998) , which can be explained by 26 years of continuous P fertilisation. Thus, the higher annual wheat grain yield during the first 24 years of the trial in the wheat-lupin and wheat-subclover rotations (3.7-4.0 tons ha −1 ) compared to continuous wheat (2.2 tons ha −1 ) can be attributed, at least partly, to improved nitrogen supply in rotations including legumes (Bünemann et al. 2006) . The increase in total P in all treatments compared to 1979 confirmed the measured change in total P in the top 20 cm during the first 24 years of the trial (Bünemann et al. 2006) . Compared to initial values, extractable inorganic P had increased in all treatments by 110-150 mg P kg −1 . This confirms the findings of a previous study on soil samples collected between 1979 and 2003, which showed that the increase in total P as a result of P fertilisation was almost completely reflected in the increase in inorganic P (Bünemann et al. 2006) . In the present study, the ignition method and extraction with NaOH-EDTA gave similar estimates of extractable inorganic P, while on a range of soils from semi-arid sites in the USA, NaOH-EDTA extraction recovered on average only 31% of inorganic P determined by ignition (Turner et al. 2003a ). In accordance with Turner et al. (2003a) , NaOH-EDTA extracted about 63% of organic P as determined by the ignition method. A potential overestimation of soil organic P by the ignition method due to changes in the solubility of inorganic P during ignition has been noted before, especially in highly weathered soils (Condron et al. 1990b ). However, the main cause for the discrepancy is likely to be that a substantial proportion of soil organic P is insoluble in NaOH-EDTA. The fact that NMR found slightly higher amounts of inorganic P in the extracts than colorimetry may be due to the fact that some monoester P compounds resonate in the region assigned to orthophosphate, or that some organic P compounds are hydrolysed during sample preparation and acquisition.
For all samples, the 31 P NMR spectra indicated that monoester P was by far the most abundant form of organic P. This is consistent with previous soil P NMR studies (e.g. Condron et al. 1990a; Turner et al. 2003c ). The absence of polyphosphate and phosphonates in the present study is in agreement with spectra obtained on NaOH-EDTA extracts of semi-arid arable soils in the USA (Turner et al. 2003a) , while in soils under permanent pasture in the UK, up to 2 and 3% of extracted P was detected as polyphosphate and phosphonate, respectively (Turner et al. 2003c) .
In addition to changes observed in the orthophosphate region, management affected both the amount and the proportion of monoester P (Table 4) . However, no differences in the relative sizes of the peaks within the monoester region were apparent (Fig. 1) , suggesting that the same types of monoester P molecules were present in similar proportions in all samples. The large changes in amounts of P in the monoester region and small changes in the diester region appear to be in contrast to the interpretation of Turner et al (2003c) that the majority of P in the monoester region is protected from biological degradation through reactions with clays, metals and organic matter. A compilation of 31 P NMR studies on tropical soils also pointed towards preferential mineralisation of phosphate diesters (Nziguheba and Bünemann 2005) , and Condron et al. (1990a) observed the disappearance of diester P upon cultivation. However, in the present study, major changes in organic P amounts compared to 1979 were reflected in an accumulation of monoester P rather than a depletion of diester P, and the ratio of diester to monoester P was not related to the amount of organic P in the sample.
Microbial community composition
The multivariate analysis of all selected fatty acids separated the samples according to the treatments (Fig. 2a) show clear treatment effects, except for a significant increase in the proportion of Gram-negative bacteria in WW-B-C compared to all other treatments (Table 5 ). The ordination plot of fatty acids based on RDA (Fig. 2b) illustrates that the different fatty acids indicative of a group of microorganisms such as Gram-positive bacteria (a15:0, i15:0, 16:0, i16:0, i17:0) can point in opposite directions. As a result, the sum of the five fatty acids is similar in all treatments. The multivariate analysis is, thus, more sensitive to detect treatment differences because it compares the relative abundances of the individual fatty acids among treatments. Our study showed an overriding effect of crop rotation on the composition of the microbial community, most likely as a result of differences in type and amount of plant residue inputs and root exudates. This is illustrated by the separation of wheat-subclover and wheat-lupin rotations as a result of differences in environmental variables such as total C and N (Fig. 2a, c) . Tillage also affected the community composition, but was not related to a decrease in the fungal fatty acid (18:2ω6,9c) as observed in another study (Pankhurst et al. 2002) .
A relationship between P forms and microbial community composition?
Forms of P in soil, in particular organic and condensed forms, may originate directly from plant inputs such as leaves, seeds and roots or may be derived from microorganisms. To investigate a possible relationship between the microbial community composition and soil P forms, redundancy analysis was performed with the FAME data from block 5, using P forms as determined by solution 31 P NMR as environmental variables (Fig. 3) . The amount of P in the different NMR regions was significantly correlated to the microbial community composition by FAME analysis. Negative correlations were observed between monoester P and cy17:0 and 18:1w11c and between diester P and 16:0. This would suggest that these forms of P are not dominant in microbial communities with large proportions of these particular fatty acids. More meaningful may be the positive correlation between the amount of pyrophosphate and the fatty acids 16:1ω5c and 17:1ω8c, which may indicate storage of P in condensed forms in microbial communities with large proportions of these fatty acids.
The microbial P pool in the present study was small (Table 2) , but could, due to its continuing turnover, contribute significant amounts of microbially synthesised organic P compounds over time. However, larger differences in the microbial community composition and soil P forms than in the present study as well as the absence of plant residue addition will be required to elucidate the role of microorganisms in the synthesis of soil organic P.
Conclusions
Long-term management strategies with regards to crop rotation, stubble management and tillage affected the investigated soil characteristics to different degrees. Crop rotation had an overriding effect on soil organic and microbial C, N and P, with stable or increasing contents during 26 years in wheat-subclover rotations, and decreasing contents in wheat-lupin and wheat-wheat rotations. Stubble burning in particular led to losses of soil organic matter. The same forms of P as determined by solution 31 P NMR occurred in all treatments, but in different amounts. In particular, major peaks in the monoester regions were greatly enhanced in the treatment with an accumulation of soil organic matter. These forms of soil organic P could be of plant or microbial origin. The microbial community composition was primarily differentiated by crop rotation and secondly by tillage treatments. A potential linkage of soil P forms and the microbial community composition needs to be investigated further.
